A near-infrared semiconductor-laser spectrometer has been heterodyned with a Lamb-dip-stabilized 1.52-,um 3 He-20
INTRODUCTION
The recent development of semiconductor laser technology has provided tunable coherent radiation sources in the near-infrared region. These sources have been used to observe vibration-rotation and electronic spectra of several molecules. '' 0 In these studies, absolute calibration of the laser frequency used wavelength measurements either directly or indirectly. However, the lack of accurate data on reference spectra and optical constants such as refractive indices of materials and phase shifts at mirror surfaces made it difficult to perform accurate measurements. On the other hand, frequency measurements do not suffer from such limitations. Therefore appropriate frequency references in the near-infrared region will be useful for high-resolution spectroscopy by means of frequency measurements.
We report the first frequency measurement to our knowledge of molecular absorption lines observed with near-infrared semiconductor lasers. Frequency measurements of a laser are usually carried out by heterodyning with a stabilized gas laser whose absolute frequency is known. For example, the frequency of a tunable lead-salt semiconductor laser in the 10-Am region 1 " 2 was measured by using a stabilized CO 2 laser whose absolute frequencies had been accurately determined.' 3 " 4 We have applied the heterodyne technique to a combination of an InGaAsP semiconductor laser and a Lamb-dip-stabilized 1.52-pum 3 He-2 0 Ne laser. The absolute frequency of the 1.52-Ium 3 He- 20 Ne laser stabilized at the center of the Dopplerbroadened gain curve was determined by Evenson and coworkers,5l6 using a synthesis chain from the Cs frequency standard. We have been able to observe heterodyne signals up to 20 GHz, and frequency measurements have been carried out on four lines of 2 A distributed-feedback InGaAsP laser (Hitachi HL1541A) was used as a tunable radiation source. It oscillated on a single longitudinal mode, and no mode hops were observed. It was mounted upon a brass heat sink attached to a thermoelectric element. The laser frequency was coarsely tuned around the oscillation frequency of the 1.52-_um 3 He- 20 Ne laser by changing the operating temperature and was finely swept by a 25-Hz sawtooth injection current. The laser radiation was collimated by a convex lens.
A He- 20 Ne laser was made of a 21-cm-long glass tube fitted with quartz Brewster windows. The laser cavity consisted of a 100% reflection plane mirror mounted upon a piezoelectric transducer (PZT) and a partially reflective concave mirror whose radius of curvature was 60 cm.
The distance between the mirrors was maintained at 2.7 Torr of 3 He for the laser gas. The discharge current was 3mA, and the output power was estimated to be 50 /xW To stabilize the laser frequency at the Lamb dip of the gain curve of the laser, we modulated the laser frequency with an amplitude of 8 MHz (peak to peak) by applying 3. ode, and the photocurrent was synchronously demodulated by a lock-in amplifier.
The output of the lock-in amplifier, which was a first derivative of the gain curve of the laser, was used as a frequency discriminator and was fed back to the PZT through a high-voltage amplifier. The stability of the laser frequency was a few megahertz at an integration time of 300 msec. The radiation from the semiconductor laser and the 3 He- 20 Ne laser was combined by a dielectric-layered halfmirror and focused onto an InGaAs photomixer (OptoElectronics, Inc.), which had a 3-dB roll-off at 8 GHz.
The radiation power at the photomixer was approximately 20 AW from the 3 He-2 0 Ne laser and 500 ,W from the semiconductor laser, and the polarization of the radiation from the two lasers was parallel. The heterodyne signal was a Fig. 4 . Oscilloscope traces of the hydrogen cyanide spectrum (lower) and heterodyne markers (upper). The left-hand marker is 6.000 GHz below the 1.52-_Am 3 He- 20 Ne-laser line, and the right-hand marker is 6.000 GHz above it.
(99.0 mol %). Sample pressures monitored with a capacitance manometer (MKS baratron) were 3. 
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ab cd fgh i j c e while the oscillation frequency increased in the opposite direction. Two frequency markers from the rf receiver are seen in Figs. 2-8 , indicating that the absolute value of the offset frequency coincided with the frequency of the rf oscillator twice in a single sweep. The width of the frequency marker was -20 MHz, which was determined by the spectral purity of the semiconductor laser. Precise measurements were carried out in the following way. The sweep amplitude of the semiconductor-laser frequency was decreased to display only one absorption line on the oscilloscope at a time. Then the frequency of the rf receiver was tuned so that the frequency marker coincided with the center of the absorption line. This technique is similar to that used in microwave spectrometers when the 3 He- 20 Ne laser and the semiconductor laser are regarded as the local oscillator and the rf oscillator, respectively. Measurements were carried out more than five times for each line, and deviations were due to the uncertainty of determining the center of the Doppler-and Ne laser are shown in Table 1 , along with assignments, 2 7 'l 7 ' 9 one standard deviation of the measurements, derived absolute frequencies, and one-sigma intervals of the expected uncertainty for the absolute frequency. The pressure shift of hydrogen cyanide was estimated to be smaller than the experimental accuracy from the pressure-shift coefficient reported by Sasada et al.
0
No appreciable pressure shifts were observed for acetylene at the two pressures of 3.0 and 19.7 Torr. Pressure-shift investigations were not made for ammonia and deuterated water. We think it possible that the pressure shifts of ammonia and deuterated water are larger than the present experimental accuracy at the pressure used. In many previous heterodyne measurements of optical frequencies, spectrum analyzers were usually used to observe the beat notes. The rf receiver used in the present study was more sensitive than a spectrum analyzer (Hewlett-Packard 8592A) when the frequency of the heterodyne signal was higher than 3 GHz. We were able to detect the frequency markers up to 20 GHz, well beyond the bandwidth of the photomixer. In addition, frequency markers, as shown in Fig. 9 , were observed not only at Vbeat = Vrf (1) but also at Vbeat = nVrf (2) when vbaat was less than -5 GHz. Here beat is the frequency of the heterodyne signal, vrf is the frequency of the rf oscillator, and n is integer. The equally spaced frequency markers were due to harmonic generation in the diodes in the double-balanced mixer.
DISCUSSIONS
The frequencies of the CO 2 laser 3 4 and of the 3.39-Am He-Ne laser 2 ' have been successfully stabilized to a saturated fluorescence in CO 2 and to a saturated absorption in CH 4 , respectively. On the other hand, we had been aware of no methods for frequency stabilization of the 1.52-,um 3 He- 20 Ne laser. As a result, it had not been possible to determine the absolute frequency of the 1.52-,um 3 He-2 0
Ne laser with the degree of accuracy possible for the CO 2 laser and the 3.39-,um He-Ne laser. In the present measurement the absolute accuracy was, therefore, lower than the accuracy of the heterodyne frequency measurements. The Lamb-dip-stabilized 3 He- 20 Ne laser used in the present study makes it possible to measure the absolute frequency of the laser more accurately because its stability and resettability of a few megahertz were better than the expected uncertainty of 25 MHz for the absolute frequency measured by Evenson and co-workers.' 5 6 Hydrogen cyanide is an excellent candidate for a frequency standard in the 1.5-,um semiconductor-laser region because it has many strong absorption lines of the 2v, band there. Recently high-J transitions of the P branch of the band were accurately measured by using the 3-0 band of CO as a frequency reference. 20 22 In the analysis, an R-branch measurement performed in the present study was included in order to improve the band constants. The calculated frequencies of H1 2 C' 4 N are useful as frequency references 20 22 
